To ensure the standard properties of half-warm asphalt (HWA) mixes produced with foamed bitumen, the binder needs to have the best possible characteristics. One way to attain this is to modify the bitumen before it is foamed. The 50/70 penetration bitumen used in this study, was modified with a surface active agent (SAA) at different rates (0.2%, 0.4%, and 0.6% by wt.). The effect of the modifier on the bitumen properties (penetration, softening point, the Fraass breaking point, dynamic viscosity at 60 • C, 90 • C, and 135 • C) and on the binder foaming parameters (expansion ratio -ER, half-life -HL, foam index -FI) was investigated and the optimum quantity of foaming water was determined. Statistical analysis of the results showed that the addition of 0.6% SAA had the most beneficial effect on the set of 50/70 bitumen standard properties and foaming characteristics.
Introduction
Currently, the majority of asphalt road surfaces are made of traditional hot bituminous mixtures (HMA). A classical layer of HMA is produced at high processing temperatures that can reach up to 180 • C, depending on the type of bitumen used [1, 2] .
Increased awareness of the need to improve sustainability and lessen the impact on the environment has been observed in the road construction industry since the beginning of the 21st century [3] . New technologies have been developed that contribute to the reduction in energy intensity of construction processes and the emission of greenhouse gases. One of the solutions found, Warm Mix Asphalt (WMA) technology [4] [5] [6] , allows lowering the mixing and paving temperatures. The technology has evolved in two main directions. One of these directions is focused on the use of additives acting on the viscosity of the bitumen such that the mix production temperature can be reduced [7] [8] [9] . The most representative additive in this group is the Fischer-Tropsch (F-T) synthetic wax [10] [11] [12] . Not only does it reduce the mixing and paving temperature by 20 • C to 30 • C, but it also improves the standard [13] and rheological properties of the binder [14, 15] and enhances the mix mechanical characteristics, such as stiffness modulus or resistance to permanent deformations [16] . Adding F-T wax has been proved to extend the service life of road surfaces [17, 18] .
The second direction makes use of foamed bitumen in the process of manufacturing bituminous mixes. The binder in the form of a foam coat the mineral mix particles at a much lower temperature than conventional binders [19] . Aggregates are to be dried at a temperature not higher than 100 • C to allow the particle pores to retain some membrane water thereby providing additional bitumen foaming [20] . The SAA added to the 50/70 bitumen before foaming was a mixture of substances contributing markedly to the improved binder-aggregate adhesion. The SAA properties are compiled in Table 2 . 
Experimental Program
Adequate preparation of the binder samples is very important as it affects the test quality and uniformity of test results. The binder samples were delivered directly from the refinery in 5-litre containers. The samples were then poured into 1-litre steel cans in compliance with EN 12594. The binder was prepared by combining two materials, 50/70 bitumen and SAA. An appropriate amount of additive was added to a 1000 g binder sample. Mixing the binder with the additive involved heating the binder to a temperature 100 • C higher than the softening point and mixing it at a speed of 150 rpm for 30 s and then at 600 rpm for 270 s. The hot binder samples were reduced to 250 g (test sample weight) in compliance with EN 12594. The samples were placed in a heated vacuum chamber to remove air bubbles. Since SAA is a liquid with a density lower than that of bitumen, it was necessary to check macroscopically whether a film of the additive formed on the surface of the binder, in which case the sample was rejected.
The SAA was added at a rate of 0.2%, 0.4% and 0.6% of virgin binder mass. The effect of SAA on the properties of the 50/70 bitumen was investigated in two phases. In the first phase of the present study, the basic and rheological properties of the bitumen containing SAA were examined prior to foaming with 9 replicates per test: penetration at 25 • C (Pen, EN 1426:2015-08), softening point (T R&B , EN 1427:2015-08), Fraass breaking point (T Fraass , EN 12593:2015-08), dynamic viscosity at 60 • C, 90 • C and 135 • C (η 60 , η 90 , η 135 , EN 13302:2011).
The penetration index PI values were found as in Equation (1) The calculation was based on the assumption that the penetration of the binder is 800 (0.1 mm) at the softening point T PiK, and the lower the PI value, the more easily the binder changes its consistency with temperature.
The temperature range of plasticity (plasticity range PR) of the binder, dependent on its softening point (T R&B ) and breaking point (T Fraass ), was determined by Equation (2) in compliance with the requirements laid down in [2] according to the following formula:
The dynamic viscosity of the binder was determined on a Rheotest RN 4 rheometer. Both the binder sample preparation and the tests were carried out as per EN 12702-2.
The 50/70 bitumen foam characteristics of expansion ratio ER [18, 28] and half-life HL [19, 29] were determined in the second stage of the study with 9 replicates.
Physical properties of the foam were tested in a foaming plant type Wirtgen WLB-10S by applying different foaming water contents (FWC): 1.5%, 2.0%, 2.5%, 3.0%, 3.5% and 4.0% by wt. The conditions of the foam testing were as given in Table 3 : Table 3 . Bitumen foaming conditions. Then, the optimum values of FWC-dependent ER and HL parameters were established from a mathematical relationship. The optimum FWC was also determined.
Foaming Process Parameters Value
The quality of the foamed bitumen was evaluated using Equation (3) in accordance with the recommendation proposed by Jenkins [18] on the basis of the FI foaming index, which is measured as the time in seconds and calculated using the following formula:
where: C-the correction factor (ER m /ER a ), HL-half-life (s), t s -bitumen spraying time (s), ER m -the measured expansion ratio (immediately after bitumen foaming), ER a -the actual expansion ratio. The results were analysed using Statistica software [42] in order to ensure their reliability and to determine significant dependencies between the tested parameters of the binder and the quantity of SAA used. In the statistical results, red font denotes statistical significance (α = 0.05).
Results and Discussion

The Effects of The SAA Content on basic Bitumen Properties
The results of the preliminary statistical analysis are compiled in Table 4 and their graphical interpretation is shown in Figure 1 . The influence of SAA on the binder properties was evaluated with a one-way ANOVA variance analysis. The results are presented in Table 5 . Statistical analysis of the results shown in Figure 1a -e and summarized in Table 4 clearly indicates that SAA content has a significant effect on penetration at 20 • C and Fraass breaking point because the p-value is less than the defined significance level α = 0.05. Only in case of softening point, there is no significant influence of SAA addition to 50/70 bitumen.
The use of the surface active agent has resulted in a slight increase in the penetration of the evaluated bitumen, which gradually changed from 65.9 [0.1 mm] to 70.4 [0.1 mm] with the increasing SAA content. The results show that the softening point was unchanged by the addition of SAA, regardless its concentration. The low temperature property of the bitumen measured by the Fraass breaking point was slightly affected by the addition of SAA in 0.2% concentration, resulting in its 0.4 • C increase. Further addition of the SAA up to 0.6% content resulted in significant changes of Fraass breaking point setting it at −13.2 • C marking a 1.9 • C total difference. Because the changes in penetration and softening point due to addition of SAA were minor, also the penetration index was nearly unaffected by the effects of the additive. A different situation was seen in regard to the plasticity range defined as the difference between the softening point and Fraass breaking point. The addition of SAA caused a small decrease in the PR values, associated mainly with the changes in Fraass breaking point. 
Determining Dynamic Viscosity of The Binder with SAA
Dynamic viscosity is considered an important rheological parameter that has a significant influence on physical and mechanical properties and performance of pavement bituminous layers. The parameter was used to establish the influence of SAA on the changes occurring in the bitumen relative to the reference binder. For this purpose, samples of 50/70 bitumen were prepared with SAA contents ranging from 0.0% to 0.6% of binder mass. The test was performed using the methodology set forth in EN 13302 in a Rheotest rotary viscometer at a shear rate of 1 s −1 .
The range of dynamic viscosity of 50/70 bitumen with SAA was determined for temperatures 60 • C, 90 • C and 135 • C, which correspond to the significant operating ranges of compaction and binder performance in the pavement layers. Nine samples were used in the tests. The average values of dynamic viscosity at given test temperature and the respective coefficients of variation are tabulated in Table 6 . The graphical interpretation is shown in Figure 2 . Analysis of the results of the SAA effect on the dynamic viscosity of 50/70 bitumen shows that dynamic viscosity decreases with increasing SAA content 0.0% to 0.6% across the whole temperature range under analysis. The decrease rate depends on the SAA content and test temperature. At 60 °C the use of 0.6% SAA by binder mass reduced dynamic viscosity of the reference bitumen by approx. 26%. Similarly, at 90 °C, the dynamic viscosity decreased by approx. 10%, and at 135 °C by approx. Analysis of the results of the SAA effect on the dynamic viscosity of 50/70 bitumen shows that dynamic viscosity decreases with increasing SAA content 0.0% to 0.6% across the whole temperature range under analysis. The decrease rate depends on the SAA content and test temperature. At 60 • C the use of 0.6% SAA by binder mass reduced dynamic viscosity of the reference bitumen by approx. 26%. Similarly, at 90 • C, the dynamic viscosity decreased by approx. 10%, and at 135 • C by approx. 24%. The correlation between the SAA content and dynamic viscosity was high in the measured data. The coefficient of determination (equal to the squared value of Pearson correlation coefficient) amounted to over 0.9 in the case of η 60 and η 135 , and was equal to 0.688 in the case η 90 , thereby indicating a strong correlation.
In order to evaluate the influence of SAA on dynamic viscosity in the temperature range used in this study, a one-way ANOVA variance analysis was performed for each temperature. The ANOVA analysis results for dynamic viscosity at 60 • C, 90 • C and 135 • C are shown in Table 7 . Analysis of the obtained results indicates clearly that the SAA content in 50/70 bitumen is a significant factor influencing its dynamic viscosity at 60 • C, 90 • C, and 135 • C as shown by the p-value is less than the defined significance level α = 0.05.
The relationship between dynamic viscosity at 60 • C, 90 • C, and 135 • C and the SAA content is shown in Figure 3 .
The application of SAA reduces dynamic viscosity of 50/70 bitumen in the studied temperature range. The variation rate is dependent both on the bitumen-additive content proportion and on the test temperature.
In order to comprehensively describe the change in dynamic viscosity of the 50/70 bitumen in the studied temperature range, the model of the second-degree polynomial (4) was adopted:
where:
In the first phase of the evaluation of the model, a statistical significance test was performed in an analysis of variance (ANOVA) via Statistica (Table 8 ). Analysis of the obtained results indicates clearly that the SAA content in 50/70 bitumen is a significant factor influencing its dynamic viscosity at 60 °C, 90 °C, and 135 °C as shown by the pvalue is less than the defined significance level α = 0.05.
The relationship between dynamic viscosity at 60 °C, 90 °C, and 135 °C and the SAA content is shown in Figure 3 . The application of SAA reduces dynamic viscosity of 50/70 bitumen in the studied temperature range. The variation rate is dependent both on the bitumen-additive content proportion and on the test temperature.
In order to comprehensively describe the change in dynamic viscosity of the 50/70 bitumen in the studied temperature range, the model of the second-degree polynomial (4) was adopted: Analysis of the parameters listed in Table 7 shows clearly that the SAA content and test temperature are important factors having effects on the dynamic viscosity of 50/70 bitumen, as the p-value is less than the assumed significance level α = 0.05. It can also be concluded that there is an interaction between the SAA content and the test temperature which affects the dynamic viscosity of the binder (the p-value is less than α = 0.05). A regression model of the dependence of dynamic viscosity of 50/70 bitumen on the SAA content and test temperature was developed. The values describing the model are summarized in Table 9 . The procedure performed disclosed that the value of the corrected coefficient of determination R 2 is more than 99%, which indicates that the model is adequate. Dynamic viscosity of 50/70 bitumen is significantly influenced by the SAA quantity used, test temperature and the interaction of these two factors.
The graphical interpretation of dynamic viscosity variability in terms of SAA content and test temperature is shown in Figure 4 via the response surface. Analysis of the results in Figure 4 confirms that with the increase in the test temperature, the dynamic viscosity of the 50/70 bitumen decreases over the whole experiment range. This is in line with the general trend for bitumen binders. In the temperature range above 100 °C, the low viscosity of the 50/70 bitumen will ensure adequate coating of the mineral mix particles during mix production. Within a range of summer temperatures, because of its high viscosity, the bitumen will contribute to ensuring adequate resistance of the pavement to permanent deformation. The SAA affects the viscosity of 50/70 bitumen. The increased content of SAA reduces the value of this parameter over the whole range of test temperatures. This may be considered as an adverse effect but because the viscosity reduction is only slight, the characteristics of the bituminous mixture made with this binder should remain nearly unaffected.
Foamed Bitumen Properties
The objective of the second phase of the present study was to determine the effect of SAA on the value of maximum ER and half-life HL of 50/70 bitumen. The SAA was applied at 0.2%, 0.4%, and 0.6% of the binder mass. The maximum amount of SAA dosed was 0.6% by bitumen mass, as this value was recommended by the manufacturer as the limit value between applications in "hot" and "cold" bitumen mixes. The foaming characteristics (ER, HL) of the reference bitumen expressed as the average values from 9 determinations are shown in Figure 5 . Figure 4 confirms that with the increase in the test temperature, the dynamic viscosity of the 50/70 bitumen decreases over the whole experiment range. This is in line with the general trend for bitumen binders. In the temperature range above 100 • C, the low viscosity of the 50/70 bitumen will ensure adequate coating of the mineral mix particles during mix production. Within a range of summer temperatures, because of its high viscosity, the bitumen will contribute to ensuring adequate resistance of the pavement to permanent deformation. The SAA affects the viscosity of 50/70 bitumen. The increased content of SAA reduces the value of this parameter over the whole range of test temperatures. This may be considered as an adverse effect but because the viscosity reduction is only slight, the characteristics of the bituminous mixture made with this binder should remain nearly unaffected.
Analysis of the results in
Foamed Bitumen Properties
The objective of the second phase of the present study was to determine the effect of SAA on the value of maximum ER and half-life HL of 50/70 bitumen. The SAA was applied at 0.2%, 0.4%, and 0.6% of the binder mass. The maximum amount of SAA dosed was 0.6% by bitumen mass, as this value was recommended by the manufacturer as the limit value between applications in "hot" and "cold" bitumen mixes. The foaming characteristics (ER, HL) of the reference bitumen expressed as the average values from 9 determinations are shown in Figure 5 . Figure 6 shows the obtained foamed 50/70 binder characteristics (ER, HL, FI) versus FWC and SAA content. Statistical analysis of these variables is presented in Table 10 , while the estimation of the model parameters is given in Table 11 . Figure 6 shows the obtained foamed 50/70 binder characteristics (ER, HL, FI) versus FWC and SAA content. Statistical analysis of these variables is presented in Table 10 , while the estimation of the model parameters is given in Table Figure 6 shows the obtained foamed 50/70 binder characteristics (ER, HL, FI) versus FWC and SAA content. Statistical analysis of these variables is presented in Table 10 , while the estimation of the model parameters is given in Table Statistical analysis showed that all the evaluated responses (ER, HL, FI) were influenced by both independent variables: the foaming water content and the quantity of the surface active agent. In all cases both linear main effects were statistically significant. What is more, in the case of expansion ratio and half-life, the interactions also obtained p-values smaller than the assumed significance level (α = 0.05). In the evaluation of half-life and foam index, additionally quadratic effects of FWC and SAA content, respectively, were statistically significant. All effects in the assessment of expansion ratio resulted in p-values < 0.05.
Analysis of the obtained foamed 50/70 bitumen characteristics in terms of the quantity of SAA used shows its positive influence. The maximum expansion of the binder and the half-life of the bitumen foam increased with the increasing content of SAA. This binder will be efficient in coating the aggregate particles during mixing, thereby ensuring the mix durability and proper performance. Figure 7 shows the plots of foamed 50/70 bitumen characteristics versus foaming water contents for the three evaluated SAA contents. The optimum FWC's were established at the intersection of expansion ratio and bitumen foam half-live curves.
The results confirmed the positive influence of SAA on the foamed 50/70 bitumen characteristics. By reducing the bitumen surface tension, the SAA addition enhanced its foaming capability.
Average values of the obtained foaming characteristics with respect to the type of bitumen and quantity of the additive used are summarised in Table 12 and shown graphically in Figure 8 . The results confirmed the positive influence of SAA on the foamed 50/70 bitumen characteristics. By reducing the bitumen surface tension, the SAA addition enhanced its foaming capability.
Average values of the obtained foaming characteristics with respect to the type of bitumen and quantity of the additive used are summarised in Table 12 and shown graphically in Figure 8 . Analysis of the results indicates that the S AA contributes to the increase in the values of foamed 50/70 bitumen characteristics. The rate of ER and HL variation is dependent on the quantity of dosed additive and increases with the SAA concentration in the binder. The most favourable foam characteristics were obtained when 0.6% SAA by bitumen mass was applied. The value of ER almost doubled and the value of HL increased by a factor of 2.5 after adding 0.6% SAA. Bitumen 50/70 with 0.6% of SAA has the most favourable foam parameters: ER-19, HL-21s and FWC-2.5%. These characteristics are better than those obtained from the recommended modification of 50/70 bitumen with F-T synthetic wax at 2.5% with respect to the binder (ER-18, HL-15s and FWC-2.0%) [35] .
Optimisation of The SAA Content with Respect to The Standard Bitumen Properties
In order to determine the recommended quantity of SAA for the most favourable standard properties of 50/70 bitumen, Statistica software was used [42] .
The following important parameters of 50/70 bitumen with the addition of SAA at 0%, 0.2%, 0.4% Analysis of the results indicates that the S AA contributes to the increase in the values of foamed 50/70 bitumen characteristics. The rate of ER and HL variation is dependent on the quantity of dosed additive and increases with the SAA concentration in the binder. The most favourable foam characteristics were obtained when 0.6% SAA by bitumen mass was applied. The value of ER almost doubled and the value of HL increased by a factor of 2.5 after adding 0.6% SAA.
Bitumen 50/70 with 0.6% of SAA has the most favourable foam parameters: ER-19, HL-21s and FWC-2.5%. These characteristics are better than those obtained from the recommended modification of 50/70 bitumen with F-T synthetic wax at 2.5% with respect to the binder (ER-18, HL-15s and FWC-2.0%) [35] .
The following important parameters of 50/70 bitumen with the addition of SAA at 0%, 0.2%, 0.4% and 0.6% were evaluated: The characteristics of the models describing the interactions among the binder parameters with respect to the SAA content are tabulated in Table 13 . The following equations (5) (6) (7) (8) (9) (10) (11) were determined in Statistica [42] to describe the changes in 50/70 bitumen properties with respect to SAA content: 
For assessing the performance characteristics of the binders, the best values of the characteristic were assigned a number of 1 and the least acceptable value was set at 0. Intermediate values ranged from 0 to 1 on a linear scale in line with the methodology described in [43] . The following criteria for the independent binder parameters were applied:
• softening point T R&B (max-1, min-0), • Fraass breaking point T Fraass (max-0, min-1), • penetration index PI (max-1, min-0), • dynamic viscosity at η 90 and η 135 (max-0, min-1), • expansion ratio ER (max-1, min-0), • half-life HL (max-1, min-0).
Then the values of usability function were calculated. The results in the form of approximated values and usability profiles are presented graphically in Figure 9 .
The results of the optimization show that the addition of the SAA had different impacts on the evaluated binder properties in terms of their desirability. The softening point and Fraass breaking point were negatively affected by the additive, but these changes should not be considered overly significant. All remaining properties elicited on the increased SAA content. The dynamic viscosities measured at 90 • C and 135 • C decreased after incorporating the additive in larger amounts, contributing to possible improvements mix coating and workability. The penetration index after the initial 0.2% addition of the SAA was hardly changed by its further increased concentration. As it was shown in the assessment of the foaming performance, the SAA has significantly supplemented the expansion ratio and bitumen foam half-life exhibited by the 50/70 bitumen, which should translate into improved workability and mixture homogeneity.
The combined assessment of the SAA effects on the overall performance of the 50/70 bitumen intended for use in half-warm asphalt mixes with foamed bitumen is given by the calculated desirability profile. As shown in Figure 9 , the desirability values increased with the increase of the SAA content, reaching a maximum value of 0.543 at 0.6% concentration of the surface active agent.
Therefore, the analysis of desirability profiles shows that the best performing SAA content in 50/70 bitumen is 0.6% by bitumen mass, in which case the binder parameters reach the highest levels in overall. 
Conclusions
In this paper, the effects of surface active agent (SAA) on the properties of 50/70 penetration bitumen used in foamed bitumen process were investigated. The analysis of the results showed that the SAA content affected the tested 50/70 bitumen characteristics in different ways depending on the evaluated properties: 
In this paper, the effects of surface active agent (SAA) on the properties of 50/70 penetration bitumen used in foamed bitumen process were investigated. The analysis of the results showed that the SAA content affected the tested 50/70 bitumen characteristics in different ways depending on the evaluated properties:
• the penetration of the bitumen has increased consistently with the increase of the SAA from 65.9 [0.1 mm] of the base bitumen by as much as 4.5 [0.1 mm] in the bitumen with 0.6% SAA content. •
the Fraass breaking has also gradually increased in the function of the SAA content resulting in 1.9 • C change at 0.6% SAA content, • there were no significant changes in softening point and penetration index associated with the addition of surface active agent, • the SAA has reduced the bitumen dynamic viscosity in the measured range of temperatures (60 • C, 90 • C, and 135 • C),
• the addition of SAA resulted in profound improvement of foaming characteristics of 50/70 bitumen, showing increased values of half-life (HL), expansion ratio (ER) and foam index (FI) resulting in possible significant contribution of mixture coating and workability, • the analysis of the desirability function has shown that the addition of surface active agent in 0.6% concentration should result in superior overall performance of the 50/70 penetration binder enhancing the HWA mix quality and workability, without significantly affecting the binder rheology.
In conclusion, the SAA will have a positive effect on the 50/70 bitumen foaming process and thus on its use in HWA. Its influence on the material characteristics of the bituminous mix, in particular on the resistance to permanent deformations, may vary, in which case it will be necessary to use another additive, such as hydrated lime, which favourably influences the mechanical characteristics of HWA mixtures. The future work in this field will include the verification of the aforementioned results based on investigations of half-warm asphalt mixtures with foamed bitumen in terms of their compactability, mechanical performance, and moisture resistance.
